We have examined the dependence of rotational acuity on the orientation bandwidth of a stimulus using two-dimensional, band-pass filtered, spatial noise. Stimuli had a bandwidth of 0.5 octave of spatial frequency, centred at 5.0 cycldeg, and an orientation bandwidth that covered the range from 0.0 to 25.0 deg. Thresholds were obtained on one principal (vertical), and one oblique axis (45 deg). It was found that acuity declined on both axes as bandwidth increased, in a manner that was compatible with simple statistical principles with virtually perfect sampling of the image. There was some evidence that the intrinsic noise is greater on the oblique axis than on the vertical, and that oblique axes are less densely sampled than the principal axes. These differences are small and are insufficient, either on their own or taken together to explain the oblique effect. Copyright 0 1996
INTRODUCTION
An extensive literature exists that clearly establishes that the human visual system possesses a meridional anisotropy. For stimuli that can be described as having a central axis, psychophysical performance for a wide range of tasks is worse when the stimulus is oblique with respect to oculocentric coordinates than when the stimulus is on either vertical or horizontal (e.g. Appelle, 1972; Howard, 1982) . It is unclear whether the anisotropy for different tasks have a common origin or indeed whether, for any individual task, it is the result of changes in the underlying properties of neural mechanisms at a single level of processing (e.g. Heeley & Timney, 1989; Buchanan-Smith & Heeley, 1993; Heeley & BuchananSmith, 1992a) .
A particularly interesting case in point is that of orientation acuity which has received wide attention from experiments that have been conducted recently, both in our laboratory and elsewhere (e.g. Orban et al., 1984; Caelli et al., 1983) . There is uniform agreement that this acuity exhibits an extremely marked oblique effect that is robust across the widest possible range of stimulus types and experimental methodologies. The exact cause of the meridional variation remains a matter of conjecture. We have argued previously that the anisotropy is likely to have contributions from high levels of processing and that it is not an entirely low level phenomenon (e.g. Buchanan-Smith & Heeley, 1993; Heeley & BuchananSmith, 1992a,b) .
This "high levels of processing" hypothesis can be contrasted with theoretical explanations that are based on axis dependent changes in neural properties at the earliest levels of the visual hierarchy, predominantly the striate cortex. The most elegant development of this view is due to Orban and his colleagues (e.g. Orban et al., 1984) who emphasised the close similarity between estimates of orientation acuity in human observers with theoretical expectations that were based on previously reported meridional variations in the number of orientation specific neurons (e.g. Mansfield, 1974; Mansfield & Ronner, 1978) .
Orban et al. (1984) therefore proposed that oblique orientations were, in effect, undersampled compared to the principal axes and that orientation acuity for oblique stimuli was lower than for either vertical or horizontal stimuli as a consequence.
Arguments regarding this hypothesis of both a positive and negative nature have, in the past, largely been qualitative. The main difficulty lies in the fact that there is no uniformly accepted, or exact theory of how orientation is encoded by the visual nervous system. The relative effects of meridional variations in the orientation bandwidth, intrinsic noise, sampling density and overall coding efficiency tend to be confounded inextricably in the predictions of current models (e.g. Regan & Beverley, 1985) .
The purpose of the present study was to provide a rather more direct test of the "undersampling" hypothesis by way of statistical argument. We have estimated orientation acuity for two-dimensional band-pass filtered noise. The modulation transfer function of the filter that If the density of sampling orientation is lower on the oblique than on the vertical axis, then by simple statistical principles, performance should be more affected by increases in the uncertainty of the orientation of the target when the stimulus is oblique, than when the stimulus is vertical. The curve that describes orientation discrimination threshold as a function of orientation bandwidth for the two test axes should diverge. The experimental results indicate that this is not the case and that the sampling of orientation is nearly 100% efficient.
METHODS

Apparatus and stimuli
The stimuli were circular patches of two-dimensional noise, 3. the result and scaling it for display. The spectral density of the noise can be expressed in polar co-ordinates in a manner closely similar to that employed by Mostafavi and Sakrison (1976): where: The filter pass-band in the two-dimensional Fourier spectrum domain, expressed by Eq.
[l], forms two diametrically opposed lobes that are Gaussian both as a function of radial distance and as a function of radial angle. An example of a typical filter modulation transfer function is illustrated in Fig. 1 . The figure also emphasises the fact that the Gaussian pass-band in spatial frequency was symmetrical on a logarithmic, rather than a linear scale.
Three pairs of typical filtered noise images are shown in Fig 
Procedure
A conventional
forced-choice procedure was used, combined with a modified Method of Constants. The observer was presented with a series of trials which comprised two test intervals, each of which was defined by a trapezoidal envelope of contrast with a rise and fall time of 250 msec, and a plateau of 500 msec at a Michelson contrast of 0.8.
One of the intervals contained a stimulus that was nominally on the desired test axis (the "standard"), and the other interval contained a stimulus that had been drawn at random from a set of six alternatives (the "test"). The "test" orientations were symmetrically and linearly disposed about the main test axis, and were computed in advance of the experiment to encompass the 5 to 95% performance points approximately. The temporal order of the "test" and "standard" was varied randomly from trial to trial. A small circular target was presented in the centre of the screen prior to each trial, and was extinguished 200 msec approximately before trial onset.
The task on each trial was to determine in which direction the stimulus in the second interval appeared to be rotated with respect to the first. Visual feedback was given and the experiment was self-paced. Each of the possible pairings of the "test" and "standard" stimuli were presented 25 times in random order, spread over two sessions of testing. The exact orientation of the two intervals of each trial was subjected to a small orientation jitter, drawn at random from a rectangular distribution with a width of & 5.0 deg. The offset was constant within each trial, but was varied between trials. Inspection of Fig. 2 shows that filtered noise patterns have highly characteristic local "features".
To prevent these influencing performance, the stimuli were independently chosen at random from a set of 80 alternatives. An anti-aliasing algorithm (Foley et al., 1990 ) was applied to all of the images prior to display.
Thresholds were determined for stimulus bandwidths that covered the range 0.0 to 25.0 deg for vertical stimuli (90 deg) and for one oblique (45 deg) in a randomised blocks design. On completion, the forced choice judgements from the two test sessions were combined and a cumulative Gaussian was then fitted to the data using an iterative, maximum-likelihood technique (Finney, 1971) . Discrimination threshold was defined as the reciprocal of the slope of the weighted regression of normalised probability against orientation. This corresponds to the difference between the 84 and 50% performance points on the frequency-of-seeing curve.
Observers
The observers were three naive volunteers and one of the authors (H.B-S). All four observers had normal, or refracted to normal vision, and all were given training trials to ensure reliable and stable responses.
RESULTS AND DISCUSSION
Three sets of thresholds are illustrated in Fig. 3 , for one oblique and one principal test axis, accompanied by an illustration of the ratio of the oblique to vertical threshold (oblique effect index):
1. The thresholds from the present study with an orientation bandwidth of zero. A typical example of this type of stimulus is illustrated in Fig. 2(a) .
Estimates of orientation
acuity from the study by Heeley and Timney (1988), which have been averaged across four spatial frequencies and three observers. This study used sine-wave gratings, and employed a double interval, two-alternative forcedchoice procedure that was closely similar to that used here, but without orientation jitter. 3. Similar examples of data from the study by Heeley and Buchanan-Smith (1992a), averaged across four observers. Sine-wave stimuli were again used, and the psychophysical technique was, to all intents and purposes, identical to that employed in the present experiment, including orientation jitter.
The data from the present experiments are closely similar to those published previously. Acuity in general is somewhat less fine than that reported by Heeley and Timney (1988) . This is to be expected because of the fact that orientation jitter was used in the present study, but not in the Heeley and Timney experiments.
Overall, the ratio of the oblique to vertical thresholds, or "oblique effect index" (Orban et al., 1984) is reasonably constant across the different studies which emphasises the ubiquity of the phenomenon of the axis-dependent change in discrimination.
The main body of results is illustrated in Fig. 4 . This shows the orientation threshold as a function of the orientation bandwidth of the filtered stimuli, averaged across the four observers. The solid curves are the result of fitting a model that is based on variance summation to the experimental results (see below). There are two main characteristics to the overall pattern of data. First, there is a marked "oblique effect" in orientation acuity for all stimulus conditions. This was entirely to be expected and simply extends the already 
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where: , 1988) . As has already been noted, the size of the oblique effect is similar to that obtained in previous studies. Second, and of more interest from a theoretical perspective, is the highly characteristic decrease in acuity as the orientation bandwidth of the stimulus is increased. The general trend to higher thresholds with increasing bandwidth is virtually the same shape for oblique and vertical test axes.
The manner in which acuity declines is suggestive of a relatively straightforward statistical summation of the different noise processes. This approach has been explored previously in a range of studies covering topics as diverse as luminance increment thresholds (Barlow, 1957) contrast sensitivity (Pelli, 1990 ) the detection of edge blur (Watt & Morgan, 1983) stereopsis (Harris & Parker, 1992 , 1994 , spatial frequency acuity (Heeley, 1987; Heeley & Thompson, 1989) , and experimental investigations of curvature discrimination (Hess & Watt, 1990) .
We may assume that the psychophysical threshold is the result of combining several sources of uncertainty, which for the sake of simplicity can be referred to generically as "noise". The measured threshold therefore gives a direct estimate of the dispersion coefficient of the underlying noise distribution that is the sum of all possible sources of variation.
These would encompass errors in encoding the spatial characteristics of the Table 1 .
The optimum values of rri are well within the range of thresholds that have been obtained experimentally and exhibit a standard meridional anisotropy. Of more interest is the comparison of the estimates of the number of samples that the visual system is assumed to take in the computation of stimulus orientation. The best fit of the model was obtained when the number of samples of orientation was approximately 29 for a vertical stimulus and approximately 19 for an oblique. This analysis casts doubt on undersampling as a complete explanation of the meridional anisotropy. Undersampling would predict that the threshold ratio (oblique effect index) would be given by the ratio of the square root of the number of samples. This yields a figure of 1.2:1 which is about half the value of typical OEI's obtained in our laboratory (Fig. 3) and is far lower than those reported by others (e.g. Orban et al., 1984) .
The ratio of the assumed number of samples of orientation on the vertical to the number on the oblique is also of particular interest in the context of the physiological data presented in the paper by Orban et al. (1984) . Their Fig. 7 illustrates that in baboon, the numerical ratio of the incidence of cells with orientation preferences for the two axes is at least 6:l with the expectation that similar figures would be found for other primates. Whilst this may indeed be so for human striate (1984) . The solid curve is a square-root model based on sampling of the data illustrated in Fig. 3 . The solid curve is the linear regression orientation along the full length of the line. through the data, determined by least-squares.
cortex, the unavoidable conclusion is that the size of the neural population is not the main determinant of performance for all spatial tasks (Heeley & Timney, 1989; Howard, 1982) .
The sampling density predicted by curve fitting of the model to the data can be compared with that predicted by the stimulus characteristics.
The overall area of the stimulus patch was 9.6 deg*. On the basis of the physiological properties of striate cortex cells, a 5.00 cyc/deg oriented filter can be approximated by an ellipse with a minor axis 0.45 deg wide, with a height-to-width ratio of 1.5:1 (Hawken & Parker, 1987) . The area is therefore 0.42 deg* and, assuming perfect tessellation over the area of the target, this would predict that there would be 23 samples taken. This figure falls within the range derived by modelling and within the error of measurement.
Given the somewhat arbitrary choice of height-to-width ratio, the fact that we have assumed heterogeneous sampling and a stationary sampling array without eye-movements, the conclusion that we draw is that in this task at least the visual system is to all intents and purposes 100% efficient. This finding is compatible with suggestions that have been advanced elsewhere (e.g. Paradiso, 1988; Paradiso & Carney, 1988; Paradiso et al., 1989) that the precision of orientation acuity is determined by the pattern of activity in orientation hypercolumns in the visual cortex. In particular, it has been proposed that it is the size of the neural image that sets the level of precision with which a spatial discrimination task can be performed, which in the present context is equivalent to a dependence on the number of orientation samples.
The variance summation model outlined above may also be applied to data previously published by Orban et al. (1984) . These authors report an extensive series of experiments that defined the main parameters affecting the oblique effect in orientation discrimination.
From the theoretical perspective that they were advancing which was essentially physiological in nature, the critical study concerned the manner in which acuity was affected by the overall length of the line stimuli that were used. It was suggested that orientation discrimination thresholds asymptote as length is increased, and that this reflects the fact that the stimuli were being sampled by neural mechanisms with spatially circumscribed, elongated "receptive fields". When the stimulus exceeded a certain critical length it was proposed that further increases had no effect on performance, as these extended portions of the line were thought to fall outside of the "receptive field". This is typified by the data that are presented in their Fig. 4 .
However, these data may also be described quite adequately by a variance summation model. We have replotted a sample of their results for a vertical test stimulus with an expanded ordinate scale to illustrate this point. The plot is shown in Fig. 5 . The solid curve is a model of the general form:
where: co is the observed threshold a is some irreducible noise that is assumed to be due to response production and other high level factors b is a scaling factor, and s is the length the stimulus.
The model provides an excellent fit to the data and supports our contention that orientation acuity is more adequately described within the context of a model that samples information across the stimulus array. This model can clearly be extrapolated to patterns that lack the statistically distributed structure that we have employed in the present experiments.
Finally, we would like to comment on the status of the "oblique effect index" (OEI) as a descriptive statistic for comparing the relative acuities on the oblique and principal axes. It is usually taken to be the ratio of the thresholds, implying scaling on a logarithmic axis. However, examination of the data in Fig. 3 suggests that this does not provide a consistent explanation of the current findings. This is emphasised by Fig. 6 , which illustrates the difference in thresholds as a function of orientation bandwidth. Thresholds for both test axes rise dramatically as the bandwidth increases and, therefore, if the OEI were truly a ratio the difference data in Fig. 6 should also rise with bandwidth. It is clear that, although somewhat noisy the difference is essentially constant across stimulus conditions, as exemplified by the regression line fitted to the data using a conventional least-squares procedure.
SUMMARY AND CONCLUSIONS
We may summarise our main findings:
1. Orientation acuity is lower on the oblique test axis than on the vertical test axis for all classes of stimuli. 2. Orientation discrimination thresholds rise as the orientation bandwidth of the stimulus is increased. 3. The decrease in acuity with increasing orientation bandwidth can be described by variance summation of the external perturbation that was imposed on the stimulus and the totality of all internal noise processes, in a manner that does not depend on any particular model of the neural mechanisms that encode orientation. 4. There is some evidence that the number of orientation samples that are utilised is less for oblique than for vertical stimuli, but this difference is insufficient to explain the oblique effect. 5. The difference in acuity between oblique and vertical stimuli is an additive and not a multiplicative, factor.
On the above basis we may reject explanations of the meridional anisotropy that rely on axis dependent changes in sampling density (e.g. Mansfield, 1974; Mansfield & Ronner, 1978; Orban et al., 1984) . If NV >> N, (the number of effective samples on the two respective test axes) then the curves that describe the dependence of acuity on bandwidth (Fig. 4) should diverge.
On the other hand, we may also reject models of the oblique effect that assume that the intrinsic noise is higher in those neural populations that have a preferred orientation that is oblique than those with vertical preferred orientations.
If (oio > Giv) (the internal noise on the oblique and vertical test axes, respectively) then the data in Figure 4 should converge. What cannot be determined from the data as they stand is whether, over the range of conditions studied, the divergence that would be predicted by undersampling on obliques (NV > N,) is fortuitously cancelled out by a coincidental difference in noise levels (criO > gi\z). This can only be determined by conducting the experiment with a wider range of patch sizes and spatial frequencies.
We conclude therefore that the main source of the meridional variation in orientation acuity is higher level processes that occur after the initial stages of image coding, and whose properties are not adequately captured by filter based models. This does not necessarily imply that all spatial tasks that exhibit variations with test orientation are limited by the properties of the same set of mechanisms at the same or similar levels of processing (Appelle, 1972; Heeley & Timney, 1989; Howard, 1982) . In fact, it is more likely that the meridional anisotropy is multi-factorial with different factors having an influence that is task dependent. mechanisms that underlie spatial localization.
Vision Research, 30,  
